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Abstract 
Genetic interaction studies have identified mechanisms controlling tissue specific gene 
expression, but with limited scalability. A high throughput image analysis platform was designed 
in conjunction with a genetic construct. The construct marks the intestinal cells in 
Caenorhabditis elegans, using mCherry, and indicates promoter of interest expression using 
GFP. The computational system creates a mask using the mCherry signal and quantifies GFP 
fluorescence, outputting quantitative changes in intensity within the intestine. 
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Introduction 
The field of systems biology is the study of how biological components (molecules, cells, 
organisms, or entire species) interact with one another, and function under a variety of 
conditions. These interactions are primarily identified using computational and mathematical 
modelling techniques. One of the main goals of this field is to create a comprehensive gene 
regulatory network (GRN) that displays the underlying biological regulatory interactions for all 
genes within a genome of interest (MacNeil et al., 2015). These regulatory networks have a 
hierarchy that not only involves transcription factors (TFs), but also other types of regulators 
(MacNeil, 2015).  
Current research in the Walhout laboratory at the University of Massachusetts Medical 
School focuses on gene regulatory networks in the model organism Caenorhabditis elegans. C. 
elegans is a model organism that is used to study many areas, including neurobiology, systems 
biology, immunology, and metabolism. These organisms are ideal candidates for conducting 
studies in these disciplines as they are easy to maintain in the laboratory, easy to manipulate, and 
whose GRN’s have many homologies to those of human systems’. Reverse genetic screens are 
used to identify the specific interactions surrounding a particular gene of interest in a GRN. 
These interactions are identified by qualitatively analyzing whether the intensity of a 
fluorescence reporter, tagged to a gene of interest, has increased, decreased, or stayed the same 
when comparing RNAi of a candidate interactor to a vector control in the tissue of interest. 
Conducting these analyses robustly is laborious and time consuming. Using the current method 
of qualitative data collection 
A current project in the Walhout laboratory is to define the GRN in the intestine of C. 
elegans. My project entails developing a computational system that will allow for high 
throughput screening of regulatory expression of genes in the intestine. This will in turn facilitate 
studies about various regulators including chromatin modifying factors, TFs, and miRNAs and 
allow for the creation of a more robust GRN of the intestine of C. elegans. Understanding the 
interactions that make up GRNs can provide insights into how biological systems function, and 
how they function in a variety of conditions.   
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Background 
Gene Regulatory Networks 
The interactions between cis-regulatory elements and protein regulators creates a GRN. 
These networks can be visually represented in a graphical layout that consists of nodes and 
edges. Nodes are the fundamental units that make up these networks and can be proteins, genes, 
enzymes, or other cellular factors. Edges are the connections, displayed by lines, between each of 
the nodes. These can be directional, where the interaction only occurs in one direction, or they 
can be bi-directional, which means that there is no particular direction in which the interaction 
works (Zvelebil, 2008). 
A commonly used network in biology is that of protein-protein interaction networks, 
which display how proteins interact with one another. These networks have one type of node, 
proteins, and edges are generally bidirectional. Unlike protein-protein interaction networks, 
which focus solely on proteins, GRNs focus on a variety of regulators and their interactions with 
cis-regulatory elements found in the cell. These networks have two types of nodes, regulators 
and their targeted regulatory regions. The interactions between these nodes are directional 
(Walhout, 2011) (Figure 1).  
 
 
Figure 1 Types of Networks: There are two types of networks, directed and undirected. a) A directed network has edges that only 
go in one direction from one node to another. b) An undirected network has edges that are bi-directional that go from one node 
to another.   
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Regulators 
Regulators are a collection of proteins and silencing RNAs that work to control the 
expression of genes. Common regulators include TFs, RNA interference (RNAi) molecules, and 
chromatin modifiers. TFs are proteins that bind to a specific sequence on DNA by using a 
structural DNA binding domain present within their structure. Generally, TFs activate or repress 
gene expression. TF protein domains include nuclear hormone receptors (NHRs), sterol 
regulatory element binding-proteins (SREBPs), helix-loop-helix (bHLH) domains, and C2H2 
zinc fingers (Walhout, 2011). Other regulators include chromatin modifying factors, kinases, 
insulators, and histone chaperones.  
Another class of regulators includes various forms of RNAi that silence or repress gene 
expression by binding strands of mature mRNA. Experimentally inducing RNAi can knock 
down the production of specific regulatory proteins. Doing so will aid in understanding the 
relationship between the knocked down regulator and the target regulatory region of the gene. 
The knock down of a particular regulator causes the signal of a fluorescence reporter to decrease 
that can lead to the conclusion that the regulator is an activator for that particular gene, while an 
increase can lead to the conclusion that the regulator is a repressor for that particular gene. 
Cis-regulatory elements of Genes 
Regulators act upon regions of genetic material known as cis-regulatory elements. Cis-
regulatory elements are most commonly DNA regulatory regions including promoters, and the 3’ 
UTR (Walhout, 2011). The promoter is found upstream of the transcriptional start site (TSS), 
which is where TFs bind to initiate transcription and enhance or repress the process of 
transcription. If the regulators are miRNA, siRNA, or RNA binding proteins (RNAbp) then the 
effect will be upon the transcribed mRNA, which can affect the expression of genes. These 
regulators can bind to the 3’ UTR and degrade the mRNA or inhibit the translation of mRNA to 
a protein (Figure 2).  
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Figure 2 Regulators vs. Regulatory Elements: a) Regulators represent proteins, RNAs or other cellular factors that control 
protein coding genes. b) A GRN that displays how TFs and miRNAs interact with each other and protein coding genes (Walhout, 
2011).  
Mapping a GRN 
Identifying the nodes of a GRN are relatively simple and can be done by sequencing the 
genome. Identifying the edges, interactions between nodes, is more challenging. There are two 
approaches of identifying these edges between nodes: a transcription factor centered approach, 
and a gene centered approach. A transcription factor centered approach is done by identifying the 
regulatory elements that a certain TF interacts with. A TF centered approach entails using a TF 
of interest and identifying all of the genes with which they interact. A gene centered approach 
uses genes to identify the transcription factors which regulate the gene of interest. Methods such 
as chromatin immunoprecipitation sequencing (ChIP-seq) and yeast-1-hybrid (Y1H) systems 
help in identifying the regulators and the regulatory elements they target (Walhout, 2011) (Figure 
3).  
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Figure 3 Identification of edges: Edges can be identified and confirmed using either TF-centered methods such as ChIP where 
one regulator, in this case a TF is chosen and see what gene it interacts with. The other way is through gene-centered methods 
such as a Y1H assay where one gene is selected and it the regulators, in this case TFs, are observed to identify which bind the 
target gene (Walhout, 2011).  
C. elegans 
C. elegans as a model organism 
C. elegans are important model organisms for functional studies as more than half of 
their genes have a human homolog (Kamath et al., 2003). This model organism can provide 
possible insights into the functions of human genes. The advantages of using such a model 
system come about in its short developmental cycle, around 3 days, and its life span of around 2 
weeks. The transparent body of the C. elegans allows for phenotypic characterizations, and 
visual screenings to identify the changes in the fluorescence expression throughout the organism 
(Zhang et al., 2017) (Figure 4 b, c). Many researchers identify these expression patterns in C. 
elegans by reporters that display transcriptional levels. Reporters, such as green fluorescent 
protein (GFP) when tagged to a promoter such as Pacdh-1 can be used to identify promoter 
activity based on the intensity of the fluorescence reporter (MacNeil et al.., 2015).  
In order to create a comprehensive GRN for an organism, a forward or reverse genetic 
screen can be conducted. Forward genetic screens are used in identifying the genotype associated 
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with a particular mutant phenotype. On the other hand, reverse genetic screens involve a 
mutation, or removal of a specific gene, that yields in a novel phenotype. Reverse genetic screens 
are used in identifying GRNs by using RNAi techniques to knock down the activity of a 
regulator or regulatory element. This yields phenotypic and gene expression changes within the 
target tissue. Gene expression changes can be observed by a fluorescent reporter that changes 
dependent on promoter activity.  
C. elegans are bacterivores, which means that they have a bacterial diet. Developing a 
graphical representation of a GRN requires for regulators or regulatory regions to become 
inactivated. One of the popular ways of knocking down components of GRNs, typically 
regulators, is by using RNAi. dsRNA can be microinjected into C. elegans which knocks down 
(reduces) the activity or function of a specifically targeted gene (Mello &Fire, 1998). Feeding C. 
elegans an E. coli strain that was modified to express a specific dsRNA also causes a knockdown 
or repression of that targeted gene (Fire & Timmons, 1998).   
Anatomy of C. elegans 
The anatomy of C. elegans is relatively simple. Like many multicellular organisms C. 
elegans have a nerve ring, dorsal nerve cord (DNC), ventral nerve cord (VNC), embryos, vulva, 
oocytes, a gonad, anus, tail, pharynx, and intestine (Eisenmann, 2005). C. elegans have two 
sexes: rare males and self-fertilizing hermaphrodites. The intestine of C. elegans is easily 
identified as the large tube like structure running down the length of the organism (Figure 4a). 
This organ is used for multiple processes such as digestion of food, metabolic processes, 
response to pathogenic insults, and it is highly sensitive to RNAi screening that is easy to 
visually identify by light microscopy screening (MacNeil et al., 2015). Its complexity makes it a 
good model system to understand metabolic and homeostatic processes. 
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Figure 4 C. elegans intestine: a) The diagram shows the anatomy of the C. elegans in a cartoon form. As can be seen the 
intestine, shown in green, runs the length of the body shown by the green tube running the length of the C. elegans (Eisenmann, 
2005). b) The image shows a C. elegans image that was captured using bright field microscopy. The intestine can be seen 
labelled (MacNeil, 2015). c) The image shows a C. elegans image that was captured using fluorescence microscopy. The 
intestine can be seen labelled (MacNeil et al, 2015).  
Image Cytometry 
Current state of image cytometry 
 Image cytometry is a technique that is used for automated image cell analysis. The 
technique is similar to flow cytometry, which is a technique that is used to collect data regarding 
the phenotype of cells, or organisms. Flow cytometry allows for the analysis of the markers 
present on the surface of the cell, inter and intra cellular specifics, size, density, and other 
specific aspects that can be tailored to the researchers desired choice. Image cytometry can 
measure some similar aspects such as protein texture, localization, cell shape and size, DNA 
concentration, and fluorescence markers. The specific benefits of image cytometry are the ability 
to quantify factors such as size, density, and fluorescence of each cell within each image, and 
even to complete time-lapse experiments (Carpenter et al., 2006).  
 While image cytometry can be used for single cell systems, as has been done in the past, 
new tools are arising that allow for the exploration and development of using image cytometry 
and image analysis to work on multicellular organisms. Certain programs already exist such as 
ImageJ, FIJI, and NIH Image. These are sub optimal for the purposes of this project as they do 
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not allow for high throughput analysis of data and images. Writing specific code programming 
languages such as Python or MATLAB are more common to be used in high throughput image 
analysis work.  
Cell Profiler is a tool that is powerful, flexible, built on an open source platform, and can 
be used for high throughput image analysis of cells and multicellular organisms (Carpenter et al., 
2006). The main features that make this program unique include its open source integration 
which allows for developers and biologists around the world to be able to add to the machine 
learning data base that is present, as well as to create new pipelines and contribute to the 
scientific community. Its ability to conduct illumination correction on images allows for the 
algorithm to compare various methods and provide the best quantitative measurements. The 
ability to modify the protocol, and create new protocols, allows for the software to be modified 
to each experimenter’s specific preferences (Carpenter et al., 2006).  
Images 
 Conducting analysis of images requires a deeper understanding of what images are. 
Images at their most basic level are composed of an array of pixels. Each pixel is a tile in the 
image that is likened to a Cartesian coordinate system. A specific position will be (0,0), and the x 
and y coordinate system will increase horizontally or vertically across the image. The grid of 
pixels can be broken down into a set of integers that can be then used for further image analysis 
(Figure 5). Depending on the type of image the integers that represent a pixel can vary. For the 
purposes of image analysis in this project we will be using gray scale images which have a value 
from 0 to 255. 
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Figure 5 Image Breakdown: A region in the original image (a) is chosen and broken down into the constituent pixels(b), and the 
pixels are then converted to an array of numbers (c) indicating the grayscale value of each pixel, with white being 255 and black 
being 0 (Stanford, 2019).  
Analysis 
 Identifying regions of interest and conducting image analysis techniques requires an 
image to be segmented. One of the most common techniques to segment an image is 
thresholding. Thresholding is a form of image segmentation that is used to develop a binary 
image that can then serve to develop a mask. When thresholding the value of each pixel within 
the image is compared to the set threshold, known as an intensity threshold. If the value of the 
pixel in question is greater than the set threshold the resultant pixel would be white, otherwise 
the pixel would be black. This creates a binary image where each pixel is represented by 0, black 
pixels, or 255, white pixels. The binary image creates a mask of regions of interest when 
compared to the original image. The mask can be used to quantify and identify regions of interest 
that may be more difficult to see in the original image.  
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Motivation 
A recent paper looked at studying the GRNs within the intestine of C. elegans, and 
identified 411 interactions that occur between 19 promoters and 177 TFs (MacNeil et al., 2015). 
This was done by using RNAi to knockdown the TFs to identify gene expression changes in the 
intestine. Previously TF-DNA interactions had been studied by analyzing physical binding 
interactions, but it has since been thought that those interactions do not overlap with regulatory 
consequences on gene expression. Rather than equating the TF binding with a gene’s regulation, 
it is crucial to identify gene expression changes in relation to the loss of TF activity. These 
interactions are then used to create a GRN. In order to identify whether there was an increase or 
decrease in the function of the regulatory region, each of the 19 promoters were tagged with a 
fluorescence marker, GFP. The change in fluorescence intensity indicates if the loss of the 
specific TF activity was regulatory in nature to the expression of the gene.  
Reverse genetic screens need to be performed to collect data to be used to create a GRN. 
Collecting data from these screens is done in a qualitative manner, identifying whether a change 
in fluorescence intensity levels occurred when compared to the control when a specific regulator 
was knocked down. A computational system to identify these same factors is possible and can 
increase the number of promoters studied in a shorter period of time (MacNeil et al., 2015). 
Creating a system to quantify the fluorescence within the tissue will not only aid in TF 
centered studies but other regulators as well. These regulators, including chromatin modifying 
factors, kinases, insulators, and histone chaperones, have yet to be studied and will add to the 
creation of larger and more robust GRNs. 
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Project Goals 
 The overall goal of the project was to create a system that would allow for the increase in 
the rate of conducting and collecting robust data from genetic screens. This main goal can be 
separated into two sub-goals: 
1. Create a novel reporter system that allows for a promoter of interest to be linked to a 
unique fluorescence marker, and for two other promoters to be linked to a different 
fluorescence marker to identify the region of interest; in this case, the intestine.  
2. Create a computational system to enable high throughput screening on the promoter of 
interest using the novel reporter system.  
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Methods 
Gibson Assembly 
Standard Gibson Assembly 
Standard Gibson protocol provided by NEB was used. A total of three Gibson reactions 
were completed to create a set of three construct sets, one that contains a GFP fluorescence 
marker, and two that have mCherry fluorescence markers. Each reaction had only three 
fragments, and no backbone vector. The reaction had a total volume of 20µL with the final 
reaction having 0.1pmol of each DNA fragment. Pmols of DNA were calculated using the 
formula provided: 1.5*(concentration of DNA fragment (ng/µL)). Once all fragments were 
added in equimolar amounts, 10µL of 2X Gibson Assembly Master Mix was added and the final 
reaction was brought up to 20µL in Autoclaved H2O. In an effort to optimize the Gibson protocol 
the volumes were changed and all amounts were made proportional. In an effort to increase the 
efficiency of the reaction the reaction was run at 50⸰C for 60 minutes.  
Gibson Assembly Ultra 
 Gibson Assembly Ultra protocol provided by SGI DNA was used. A total of three Gibson 
reactions were completed to create a set of three construct sets, one that contains a GFP 
fluorescence marker, and two that have mCherry fluorescence markers. Pmols of DNA were 
calculated using the formula provided: 1.5* (concentration of DNA fragment (ng/µL)). For the 
fragment sizes less than 1kb approximately 0.04 pmol of each fragment should be added. For any 
fragments between 1 and 5 kb, the amount added should be between 0.008 and 0.04pmol for 
each fragment. 25ng of linearized vector was added to the reaction with the three fragments. The 
reaction volume was brought up to 5µL in Autoclaved water. 200µL of the thawed GA Master 
Mix A (2X) was vortexed and added to the 5µL reaction. The reaction was mixed by pipetting. 
The sample was vortexed then spun down for a 2 seconds, then placed into the thermocycler. The 
protocol is 5 steps. The first is the 3’ end chew back occurred at 37⸰C for 15 minutes, 
Inactivation of the enzyme at 75⸰C for 20 minutes, a slow cool down to 60⸰C decreasing 
0.1⸰C/second, annealing at 60⸰C for 30 minutes, followed by a slow cool to 4⸰C decreasing the 
temperature 0.1⸰C/second. Once the first reaction was complete the PCR tubes were removed 
from the thermocycler and add 10µL of GA Ultra Master Mix B (2X) to the reaction above while 
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on ice. The reaction was mixed by pipetting 10 times. Placing the reaction into the thermocycler 
for 15minutes at 45⸰C to repair the DNA gaps. 
Polymerase Chain Reaction (PCR) 
PCR was completed following standard PCR protocol, which entailed creating a 25µL 
total reaction volume. The reaction contained 2.5µL of 10X HiFi Buffer, 0.5µL of each Forward 
and Reverse Primer with a final concentration of 100mM and 0.5µL of 10mM dNTPs, 0.1µL of 
Platinum Taq polymerase, 1µL of the DNA template, and 1µL 50nM MgSO4, and 18.9µL of 
water. A gradient PCR was conducted to identify the peak annealing temperature to ensure the 
optimal conditions of amplifying a fragment. PCRs were repeated for every fragment to ensure 
ideal temperatures for each of the 8 fragments.  
First samples were denatured at 95°C for 5 minutes, followed by a 30 second primer 
annealing stage at a temperature which differs upon the template being amplified and the primers 
being used. Third is an extension stage for 1minute (approximately 1 minute per 1kb), at 72°C. 
There are 30 cycles that occur between denaturing, annealing, and extension. A final extension 
time of 4 minutes at 72°C, followed by a hold at 4°C until the product is ready to be used.   
Gradient PCR 
 Gradient PCR is useful in identifying the optimal annealing temperature for a fragment 
that is not amplifying or not amplifying cleanly. All of the steps, except for one, are the same for 
a gradient PCR as were above in a normal PCR. The one step that is variable is the annealing 
temperature for each sample in each column within the thermocycle. During the 30 second 
primer annealing stage where each column in a 96 well PCR plate in the thermocycler is a 
temperature between 47.8 and 69⸰C. The temperatures from left to right in the thermocycler are 
47.8⸰C, 48.3⸰C, 49.5⸰C, 51.4⸰C, 53.7⸰C, 56.4⸰C, 59.1⸰C, 61.7⸰C, 64.1⸰C, 66.1⸰C, 67.4⸰C, and 
68.0°C.  
Gel Electrophoresis 
To identify the results of the PCR a 2% agarose gel was created, with 4.5µL of 1% 
Ethidium Bromide for 50mL gels and 100mL gels, while 200mL gels received 9µL of Ethidium 
Bromide. Two types of gel were created using Invitrogen UltraPure™ Agarose. The standard gel 
to was made using a standard Sodium Borate (SB) buffer and run at a voltage of 220V for 20 
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minutes. The standard gel from which DNA bands were extracted was done by using the same 
agarose but using a standard1X Tris base, acetic acid, and EDTA (1X TAE) buffer to make the 
gel and the solution to run the gel in. The gel was then run at a voltage of 70V for 3 hours to 
ensure clear separation between bands. All gels were read on a gel doc and the image was 
captured and exported.  
Gel Extraction 
Gel extraction was completed using a 2% hi-pure agarose gel, in TAE buffer. The gel 
was run at 70V for 3 hours to ensure distinct separation between PCR bands. The completed gel 
was viewed under a UV light, and the bands of choice were excised from the gel. The gel kit 
being used was QUIAGEN Gel Extraction kit. Each gel slice was weighed in mg, and for every 
100mg of gel 300µL of Buffer QG was added. The gel was left at 65°C for 10 minutes to 
dissolve. The Buffer QG with the melted gel was placed into a QIAquick spin column that was 
present in a 2mL collection tube. The QIAquick spin column with the loaded solution was spun 
at 17,900rcf for 1 minute, discarding the flow through. The process was repeated until all of the 
solution had been removed. 750uL of Buffer PE was added to the column, and was allowed to sit 
at room temperature for 5 minutes. The QIAquick spin column containing Buffer PE was 
centrifuged for 1 minute at 17,900rcf, 2 times, discarding flow through each time. Finally, TE 
buffer was warmed to 25⸰C, and used to elute DNA product from the QIAquick spin column. 
30uL of warmed Buffer EB was placed in the center of the column. The column was allowed to 
sit for 1 minute before being centrifuged for 1 minute at 17,900 x rcf.  
Transformation 
Plasmid Prep 
Plasmid preparation was done by following the restriction enzyme digestion protocol provided 
with the pHSG298 backbone vector. HincII restriction enzyme has one target site present on the 
backbone vector that can be used to cut and linearize the plasmid (Figure 6). The cut formed a 
blunt end linear plasmid that was then used for Gibson assembly.  
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Figure 6 pHSG298: HincII is blunt end cutting restriction enzyme that cuts at the site labelled "HincII" in order to linearize the 
plasmid. 
 
Transformation 
Transformation was done by taking either competent DB3.1 cells or DH5α cells, and 
thawing on ice. 2µL of plasmid, created above, was pipetted into the bottom of the thawed tube 
of cells. The tube was then swirled by drawing several imaginary circles on the benchtop. The 
mixture sat on ice for 30 minutes, followed by a 45 second incubation in a water bath at 42°C, 
followed by a 5-minute incubation on ice. 950µL of provided SOC media was added to bring the 
final mixture to 1mL. The solution was incubated at 37°C for 1 hour shaking at 200rpm. DH5α 
cells were plated on 100µg/mL ampicillin resistant plates while DB3.1 cells were plated on 
50µg/mL kanamycin and 25µg/mL chloramphenicol resistant plates. 
Genetic Screen 
The process of a genetic screen takes a total of five days.  
Day 0 
An overnight culture of the stock RNAi bacterial plates is prepared from frozen plates. 
Frozen stocks were thawed then spun down for 1 minute at 1500rpm. The stocks were then 
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transferred to 96-deep well plates with 0.5-1mL LB with 50µg/mL ampicillin and 10µg/mL 
TET. The stocks were kept at a 1/1000 ratio and stored at -20C. The stocks are then left at 37C 
overnight shaking at 200RPM.  
 
Day 1  
 50µL of the O/N culture were transferred to 500µL LB+50 µg/mL Amp. This was placed 
in a shaking incubator shaking at 200rpm for 6 hours at 37⸰C. 15µL of the grown culture was 
transferred to 96-well IPTG plates. These plates were left to dry in the hood for 1-2 hours, or 
until dry. The plates were left at room temperature overnight to allow for induction. At the end of 
the drying period gravid adults were bleached overnight in 7mL of M9.  
Bleaching 
Bleaching consists of adding 3mL of M9 to a plate of worms, removing the M9 from the 
plate, and adding the resulting M9 to a 15mL falcon tube. This was then spun down 1 time at 
1400xg for 2 minutes. The supernatant was discarded, and an equivalent amount of bleaching 
solution is added to the tube. Bleaching solution is composed of HClO, H2O, and NaOH. The 
worms in bleaching solution were left on a rotating stand for 5-7 minutes checking frequently. 
M9 was added to bring the volume in the falcon tube to 15mL once no worms were seen and 
only eggs were seen in the solution. The falcon tube was then placed into a centrifuge and spun 
at 1400xg for 2 minutes. This was repeated 3 more times, discarding the supernatant between 
each spin. The worms were then suspended in 7mL of M9.  
Day 3 
 Worms the next day should be L1 worms. There should be 2-4 worms per microliter. 
Worms were dispensed into a reservoir and approximately 50 worms were pipetted into each 
well, shaking the reservoir every in-between transfers. The plates were left to dry under a hood 
for approximately an hour. The worms on the bacteria plates were left to incubate for 48 hours at 
20°C.  
Day 4 
 After 2-3 days of incubation a solution of M9 with MgSO4 and 1mM of levamisole was 
used to re-suspend most of the worms in each well and was used to transfer the worms to a 96 
well plate. This plate is in the same layout as the bacterial RNAi knockout strains in the original 
22 | S H A H  
 
96-well plate. Pictures of the worms using a filter to see GFP or mCherry and no filter to capture 
a bright field image. Images were captured in grayscale to be used in the image analysis 
computational system. 
Nematode Growth Media (NGM) for C. elegans growth 
 Media for the growth of C. elegans, is made by autoclaving 3g of NaCl, 17g of agar, 2.5g of 
BactoPeptone, and 975mL of H2O. Once autoclaved the media was removed from the autoclave and 
placed on a stir mixing plate. While maintaining sterility 1mL of ampicillin (50mg/mL), and 2mL of 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) (1M), 1mL of CaCl2 (1M), 1mL of cholesterol 
(50mg/mL), 1mL of MgSO4 (50mg/mL), and 25mL of (PPB) (1M) was added. Once all additives were 
added to the media, the NGM was placed in a 55°C water bath. A sterile pouring tube was added to the 
flask and attached to the pouring machine. 1.2mL of NGM were added to each well in a 24well plate. 
This was left to dry for 1-2 hours and then cling wrapped and placed at 4°C.  
Golden Gate Cloning 
 Each PCR amplified product was added to a PCR tube at a final amount of 75ng. 2.5µL of T4 
DNA Ligase Buffer (10X), 0.5µL of T4 DNA Ligase (2000U/µL), SapI 3uL (30units). All of the 
fragments, and components were added and mixed 4 times by pipetting up and down, followed by quick 
micro centrifugation. The reaction was then transferred to a thermocycler where the thermocycler starts at 
37°C for 5 minutes, then goes down to 16C for 5 minutes which is then repeated 30 times. An increase to 
65°C for 5 minutes, cycled 30 times. A 4C holding and a 65°C final step for 5 minutes before 
transformations the proceeding day.  
Computational System 
Folder import and parse 
In order to make the system high throughput and read all of the images an input function was 
inserted to allow for the path of the file to be inserted, and a glob function to parse each file was used. 
Thresholding 
Two algorithms used to threshold an image in the computational system were, Gaussian Adaptive 
Thresholding and Otsu’s binarization. Gaussian thresholding calculates the optimal threshold by using the 
weighted sum of neighborhood values by using a Gaussian window. The neighborhood value is currently 
set, by what was manually discovered to be optimal among a range of images. Otsu’s binarization 
identifies a thresholding value based on a bimodal image. A bimodal image is an image that has two 
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distinct peaks of pixel intensities. Otsu’s binarization algorithm uses the point in between both peaks to 
determine the optimal thresholding value for a bimodal image. Using this function is useful as Otsu’s 
binarization detects some nuclei that are not detected by using adaptive thresholding methods. 
Removing Background 
Background removal is normally done in two steps in image analysis, erosion and dilation. Both 
use an array that allows for the image to be viewed at and scanned. However, by using the function 
morphologyEx both of these functions are done in sequential order. In order to erode and dilate on a 
binary image an array must be used that consists of ones. This array is made up of ones and zeroes and 
slides through the image being analyzed. In erosion the minimal pixel value in the array is used to convert 
every pixel value to that minimal value. In dilation the maximum pixel value in the array is used to 
convert every pixel value to that maximum value.  
Array conversion 
Converting an image to an array of pixel intensity values is done by initially converting 
all of the images to an array using the cv.imread function. This function opens an image as a 
numpy array. This array holds a series of values that represent pixel intensities, between 0 and 
255. The binary image created is also read as an array, where white regions of interest are 
marked as 1 and black regions, not of interest, are marked as 0.  
Array Multiplication 
Multiplying the binary and original arrays of images is done using a simple 
numpy.multiply function. This function is similar to identifying the Hadamard product which is 
created when the same elements in two matrices are multiplied together and the product is in the 
resultant array.  
Statistics 
Identifying the mean and median as well as outputting the resulting data and image name 
to an excel spreadsheet is done by taking the mean and median of all of the non-zero values in 
the resulting array, post multiplication. The function for this is 
np.mean(array[np.nonzero(product)]). The exporting of the data to an excel spreadsheet is done 
in two steps, creating a data frame and exporting the data frame to an Excel spreadsheet. 
pandas.DataFrame([‘Name of column”: list of image names, “Name of column”: list of mean or 
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median]), converts the lists of values to a data frame. Then this data frame is exported to an excel 
file using the .to_excel function. 
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Results 
The goal of this project was to create a construct that would allow for monitoring expression 
of a promoter of interest in the C. elegans intestine under many different conditions in a high 
throughput system. The genetic construct will allow for promoter-driven expression of GFP, and 
two control promoters that are intestine-specific to drive mCherry expression. The computational 
system will use images of C. elegans to create a mask using the mCherry reporter and quantify 
the GFP fluorescence intensity within the masked region. This will allow for many genes of 
interest to be screened in an efficient and high throughput manner.  
High Throughput Screening Construct 
Rationale for Construct 
In order to efficiently screen gene expression in the intestine of C. elegans, a cell-specific 
genetic construct was created that allows for tissue specific identification and the ability to 
monitor the expression of a promoter of interest. The construct is made up of three separate 
promoters with two distinct fluorescence markers. “Promoterome”, the first promoter, is a 
gateway destination site that is matched to a set of promoters that can be cloned into a 
compatible gateway destination vector (Dupuy et al., 2004).  
Promoterome is tagged to a histone-2B (H2B) linked Green Fluorescent Protein (GFP) 
reporter. This reporter will identify the expression levels of a gene of interest by localizing the 
GFP to a H2B linker to the nucleus. The two control promoters that are also present in this 
construct are Pasp-5 and Pdsc-4 and have strong and specific expression in the intestine, 
approximately 1200 fold higher than in other areas of the organism (Cao et al.., Science, 2017). 
Each of the two promoters will be tagged to a mCherry reporter linked to four nuclear localizing 
signals (NLS). 
This NLS::mCherry reporter will allow for the expression levels of the two promoters to be 
reported in the nucleus. Having two promoters tagged to mCherry serves two purposes. The first 
is that having the mCherry reporters localize to the nuclei will create a stronger signal intensity 
in the nuclei of the intestine than in other regions within the organism. This increase in intensity 
will aid in identifying and creating a mask of the regions of interest when using the 
computational system. Second if one promoter is knocked down during a genetic screen, the 
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secondary promoter’s reporter, of comparable fluorescence intensity will still be able to be used 
in identifying the nuclei. The localization of all of these fluorescence signals to the nuclei of the 
intestinal cells is to concentrate the signal to a smaller area of the organism, increasing the 
potential dynamic range of the system. 
Figure 7 Construct for High Throughput Screening(pX::GFP): The construct will have a Promoterome site with flanking 
gateway cloning compatible sites tagged to a nuclear localization sequence (NLS) of a GFP reporter, and a 3’ UTR. The Pasp-5 
and Pdsc-4 promoters are tagged to a NLS mCherry signal and a 3’ UTR. The resulting construct is 9105bp long.  
Cloning strategy 
There is a total of nine fragments that are necessary to make the final construct, pX::GFP, 
to enable high throughput screening of expression in the C. elegans intestine. To allow for each 
step to be verified, pX::GFP was broken down into three individual “construct sets.” Each 
construct set consisted of three individual fragments: a promoter region, a linked reporter that is 
localized to the nucleus, and the unc-54 3’UTR. 
1. Construct set 1: Promoterome::NLS-GFP::unc-54-3’UTR 
2. Construct set 2: Pasp-5::NLS-mCherry::unc-54-3’UTR 
3. Construct set 3: Pdsc-4::NLS-mCherry::unc-54-3’UTR 
Primer Design and Fragment Purification 
Three different strategies were used in attempting to create pX::GFP as shown in Figure. 
7. Each of the nine fragments were PCR amplified from a set of existing clones by designing a 
set of primers that were specific to each strategy.  
1. Strategy 1: Gibson Assembly 
2. Strategy 2: Ultra-Pure Gibson Assembly 
3. Strategy 3: Golden Gate Cloning 
Both strategy 1 and strategy 2 were done by joining three of the nine fragments into three 
construct sets. The third strategy was done by joining all nine fragments in one step. Once the 
construct sets were created and confirmed using sequencing they were joined into a final 
construct, pX::GFP. The benefit of initially cloning each of the nine fragments into the three 
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construct sets prior to combining all into one is to allow for each construct set and fragment to be 
tested to ensure that they are properly ligated and present.  
Strategy 1: Gibson Assembly 
 Gibson assembly allows for a number of DNA fragments to be ligated together with 
minimal loss of genetic material (Figure 8). An overall schematic describes the hypothetical 
workflow that would have been followed had all of the steps yielded successful results (Figure 
9).  
Figure 8 Gibson Assembly: Gibson assembly is the combining of two fragments of DNA with overlapping regions. First the 
fragments 5’ ends are “chewed” back, using an exonuclease (green), exposing overlapping regions. The two regions are then 
conjoined using DNA polymerase (yellow), followed by a ligation using DNA ligase (purple).  
Figure 9 Flowchart of construct design: The flowchart displays the process of events to create the construct along with the 
intermediate steps of ordering and checking the size and sequence of the fragments. The green arrows indicate a forward motion, 
with a successful preceding step. The red arrows indicate an error or where to go if the step was not fulfilled correctly. 
Initially primers were designed such that they can amplify the target fragment from the 
original clone and have an additional 20-30 base pair overlap between the subsequent conjoining 
fragments. The amplification of each of the nine fragments was done using polymerase chain 
reaction (PCR). However, the PCR amplification of the 9 fragments yielded mixed results. There 
were no bands present for Pasp-5 and Pdsc-4, and while the bands for GFP and mCherry were 
the correct size, they were not as clear as expected (Figure 10). This lack of bands, and poor 
28 | S H A H  
 
band resolution could be due to suboptimal annealing temperatures for each fragment.  A 
possible explanation was that the annealing temperatures were not optimal for each fragment. A 
gradient PCR was run to identify the optimal annealing temperature for each fragment (Figure 
11). The optimal annealing temperatures were then determined by which bands were the most 
prominent, and of the correct size (Appendix A). Using the optimal annealing temperatures, PCR 
amplification for each fragment was run in a higher reaction volume. Using a greater amount 
allowed for a greater final concentration to be achieved post gel extraction using the QIAGEN 
gel extraction kit. Both mCherry fragments required an increase in the volume up to 100μL. The 
final concentrations can be seen in Appendix B. Each of the 9 fragments was then attempted to 
be combined using Gibson Assembly into the three construct sets defined above. Repeated trials 
using new annealing temperatures and enhanced technique Gibson Assembly never yielded 
successful results upon ligation into a pCloneJET vector followed by transformation into 
competent cells. At this point, a different strategy was adopted. 
Figure 10 PCR amplification: The PCR was done using the settings displayed in Figure ___. 
Lane 1 is the 1kb plus ladder, Lane 2 is Promoterome, Lane 3 is GFP, Lane 4 is unc-54, 
Lane5 is Pasp-5, Lane 6 is mCherry, Lane7 is unc-54 for Pasp-5 and Pdsc-4, Lane 8 is Pdsc-
4, and Lane 9 is mCherry for Pdsc04 
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Figure 11 Gradient PCR: The gradient PCR was using the setting displayed in Appendix A. Lane 1 and 26 of each row are 1kb 
plus ladders. In the first row Lane 2 is Promoterome and Lane 3 is GFP alternating. In the second row Lane 2 is unc-54 for the 
Promoterome fragment and Lane 3 is Pasp-5. In the third row Lane 2 is mCherry for Pasp-5 and Lane 3 is unc-54 for Pasp-5 
and Pdsc-4. In the fourth row Lane 2 is Pdsc-4 and Lane 3 is mCherry for Pdsc-4, alternating. The even lanes with the exception 
of 26 have the temperature gradient increasing from left to right beginning with 47.8, 48.2, 49.5, 51.4, 53.7, 56.4, 59.1, 61.7, 
64.1, 66.1, 67.4, and 68C. The same is true of the odd lanes with the exception of lane 1.    
 
Strategy 2: Ultra-Pure Gibson Assembly 
 A new set of primers, new vector backbone (pHSG298), and a new Gibson assembly kit 
(Ultra-Pure Gibson kit), were used in an effort to create pX::GFP. This Gibson assembly kit 
advertised a 95% cloning efficiency, 5% greater than traditional Gibson assembly, and up to 15 
fragments per assembly. This cloning technique was split into two processes; a cutting and 
annealing phase, followed by a ligation step. 
A new vector, pHSG298, was used as it has a kanamycin resistance gene and a multiple 
cloning site in the LacZ operon. The vector was cut using HincII, a blunt end restriction cutting 
enzyme. PCR amplification on each of the 9 fragments was run using the optimized annealing 
temperatures identified in Strategy 1. Concentrations of each fragment can be seen in Appendix 
C.  
However, combining fragments using Ultra-Pure Gibson assembly into the backbone 
fragment was not successful. In an effort to clone the fragment into the backbone vector blunt 
end cloning techniques were used. A blue white screen was used to locate successful insertions 
and transformations. However, no positive colonies were seen in either cloning scenario.  
Strategy 3: Golden Gate Cloning 
 A lack in successful results from Gibson cloning led to using restriction enzyme cloning. 
Typically, restriction enzyme cloning uses a restriction cutting enzyme to cut at a palindromic 
sequence of DNA. Golden Gate Cloning however, uses type IIs restriction enzymes that cut at 
specific sites in the DNA sequence that are unique to each fragment. These cut sites are outside 
of the recognition site, and do not need to have palindromic recognition sites. This allows for 
seamless DNA assembly. The specifics of the creation of each recognition site varies upon the 
enzyme being used. These unique sites are determined by the type IIs restriction enzyme being 
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used. This system of cloning has many advantages. One of the advantages is the ability to use 
one restriction enzyme. Another is that if the fragments are aligned in the correct order the type 
IIs restriction enzyme site will no longer be present. However, if a fragment is joined to its 
original cleaved end the restriction site is still present. This causes the enzyme to cut and re-
ligate until as many fragments as possible are in the correct order and orientation.  
 The specific restriction enzyme that was used was SapI, which results in sticky ends on 
fragments. This specific type IIs restriction enzyme functions by forming sticky ends between 
sequences. The SapI restriction enzyme creates an overhang of 3 unique nucleotides near its 
recognition site at one end of the sequence (Figure 12). This allows primers to be designed so 
that fragments can be cloned in the appropriate direction and order.  Subsequent to designing 
primers and PCR, amplification and purifications of 8 out of the 9 fragments were successful. 
Figure 13 shows an agarose gel that shows amplification of eight of the nine fragments. The two 
mCherry fragments seen in lanes 5 and 8 were run on another gel to clearly separate the bands 
and conduct a gel extraction on the first of the four bands. The remaining six fragments were 
PCR purified. Due to unknown issues with the primers used to amplify the Promoterome 
fragment a unique set of primers was used. Three unique sets of primers were tested to amplify 
the Promoterome fragment (Figure 14). This was to identify what was causing the lack of 
amplification, primer, template, or conditions. It appeared that the forward primer that was being 
used to amplify the Promoterome fragment was not functional. The primer combination that 
displayed the best amplification were Promoterome_FWD, and SapI:Promoterome_REV (Figure 
15). Appendix D shows the template DNA, the primers, the expected length after amplification 
and the resulting concentrations that were extracted. The resulting PCR products were then 
conjoined using Golden Gate Cloning. Once all 9 fragments had been amplified and purified, 
they underwent a SapI restriction digest and ligation protocol (Figure 16). The resulting 
construct, pX::GFP, has a length of 8.8kb (around 9kb). When run on a gel pX::GFP displayed a 
band at approximately 9kb. In an effort to clone this fragment into E. coli, the fragment was 
attempted to be inserted into a pCloneJET vector using blunt end restriction digest. The blunt end 
ligation and transformation was not successful, as was demonstrated by the lack of colonies on 
the plates.  
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Figure 12: SapI Restriction Enzyme: The cut site is indicated by the dark black line. N is representative of any of the four 
nucleotides (A, T, G, and C). 
  
Figure 13 PCR of fragments using SapI designed primers: From left to right the 1kb Plus Ladder, Promoterome (not present), 
GFP, unc-54, Pasp-5, mCherry, unc-54, Pdsc-4, mCherry, unc-54, 1kb Plus Ladder. 
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Figure 14 Identifying new primers for Promoterome amplification: The gel displays, from left to right, a 1kb ladder, 
Promoterome 1, Promoterome 2, Promoterome 3, and GFP. All three promoterome fragments amplified are using R4L1 as the 
template, while GFP is using pCM1.35. Promoterome 1 is using Promoterome_FWD and SapI_Promoterome_REV primers. 
Promoterome 2 is using SapI_Promoterome_FWD and Promoterome_GFP_REV. Promoterome 3 is using Promoterome_FWD 
and Promoterome_GFP_REV as primers. GFP is using GFP_Promoterome_FWD and SapI_GFP_REV as primers. The list of 
primers with the corresponding sequences can be found in the Appendix E.  
 
 
 
 
 
 
 
 
 
~9kb 
Figure 16: Golden Gate Cloning: In the gel Lane 1 is the 1kb plus DNA 
ladder and lane 2 is the fragment created by Golden Gate Cloning the 
nine fragments  
Figure 15 Promoterome amplification: The gel displays from left to right 
a 1kb plus ladder and a Promoterome fragment using the primers 
Promtoerome_FWD and SapI_Promoterome_REV.  
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Computational System 
 In order to interpret the data produced by screens of C. elegans with the above construct 
inserted, a computational system needs to be designed and implemented. The computational 
system will allow for a folder containing images from a genetic screen to be used. The folder will 
contain images that have two fluorescence signals (mCherry and GFP). The mCherry signal will 
be used to create a mask of the regions of interest within the image followed by a use of the mask 
to quantify the fluorescence intensity within the image containing the GFP signal. The system 
will then output a final file containing the image names alongside the respective mean of the 
fluorescence intensity of the image. The computational system, WormQ, was designed and 
created using Python version 3.7. Several libraries were used including the Open Source 
Computer Vision Library (OpenCV), the Python Imaging Library (PIL), numpy, and Pandas. 
WormQ 
WormQ is designed and created to be used in tandem with pX::GFP. This computational 
system should be able to identify a region of interest, and create a mask, based of fluorescence 
intensity and quantify within that masked region. The computational system does so by using a 
suite of image analysis functions including: thresholding, erosion and dilation, and array 
multiplication. Together these functions used in WormQ allow for the quantification of regions 
within a masked region. 
The workflow diagram for WormQ can be seen in Figure 17. The user will be prompted 
to enter a file path to the folder of images after the screen. This folder contains images from the 
genetic screen that were captured using EVOS Auto FL2 (EVOS), in a TIF file format. The 
images must be captured and saved in grayscale. This allows for the computational system to 
skip a step when processing the images, and makes it more computationally efficient. The folder 
should contain two images of each of the 96 wells. One image is taken using the GFP 
fluorescence filter while the other is taken using the mCherry fluorescence filter. One of these 
copies will be used to create a mask that can be used to identify regions of interest within the 
image. This mask will then be used to quantify the ROI on the other copy. While the program is 
designed to function optimally using two fluorescence markers, one for masking and one for 
quantifying, it was tested using one fluorescence marker. Worms containing only one 
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fluorescence marker were used to test the computational system as pX::GFP was unable to 
successfully cloned and injected into a worm.  
 WormQ is originally written to be tested on a folder of images that only has one 
fluorescence signal, but has since been adapted to work with two fluorescence signals. Using two 
fluorescence signals versus one does not change the work flow of WormQ.  
In order to analyze a folder of images they must be first inserted into the system. Each 
image individually proceeds through the WormQ (Figure 17). First the image is converted to an 
array of pixel intensity values ranging from 0 to 255. Two thresholding algorithms are used to 
threshold this array of values. The first is an adaptive Gaussian thresholding algorithm and the 
second is an Otsu’s binarization algorithm. Each algorithm is run on an individual copy of the 
array of the original image. Each resultant thresholded array is then eroded and dilated to remove 
any and all unnecessary background noise. These arrays are then converted into binary images. 
The resultant binary images from each thresholding steps are overlaid and converted to an array 
of pixel values between 0 and 255. This image is not truly binary as it is an overlay to be used in 
identifying the regions of interest. An adaptive Gaussian thresholding algorithm, was used to 
threshold the overlaid pixel matrix. The resultant array in theory has identified all of the regions 
of interest.  
      Figure 17: WormQ workflow: The diagram displays how an image is processed using WormQ.  
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The masked regions are marked with 255 while other regions are marked with 0. To 
simplify matrix multiplication and identification of masked regions, all 255 values were 
converted to 1 and all remaining values remained 0. 0 indicates background pixels, while 1 
indicates pixels of interest, in white. The original grayscale image input is also converted to an 
array of pixel values, from the first step. The two arrays are of the same size and are multiplied. 
The resulting array yields the true intensity values from the original image and all other values, 
not of interest, become 0. The mean of the non-zero integers from each array is taken and added 
to a list, that is in the same order that each image was processed in. This list is then converted to 
an EXCEL spreadsheet to be analyzed by the researchers (Supplemental Code 1). 
Testing WormQ 
Ideally, WormQ would use paired images for analysis, one using the mCherry 
fluorescence channel to generate the ROI mask, and the other using the green channel to generate 
the GFP expression to be quantified.  Because paired images were not available, for the initial 
implementation of this program, a set of images with only one fluorescent filter was used to both 
mask and quantify the fluorescent signal. This initial implementation used test images generated 
from test genetic screens using two strains of C. elegans, Peft-3::H1-mCherry and Pasp-5::GFP. 
Peft-3::H1-mCherry has the mCherry signal localized to the nucleus of the worm’s cells, while 
Pasp-5::GFP highly expressed in the intestine, without specific nuclear localization. The 
resultant images from this screen were run through WormQ to identify and quantify regions of 
interest. The results of the Peft-3 screen are provided down below, as they were optimal test 
subjects in identifying the efficiency of the system to mask using the mCherry fluorescence 
signal in the nuclei of cells. This however is not a test of the mCherry fluorescence reporter as 
the expression level of Peft-3 in relation to Pasp-5 or Pdsc-4 may be lower.  
Since only one fluorescence reporter was available, the image was masked and quantified 
off of the same signal. A change in fluorescence intensity was identified using a range of 
intensity values from the vector images. Any value above this range would be considered a 
repressor, marked with a 1. A value below this range would be considered an activator, marked 
with a -1. Any value within the range would not be considered either, marked with a 0. There 
were two ways of determining ranges. The first was to average the two intensity values reported 
by the vector control image. The second was to use the highest value reported by a vector control 
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within the experiment as the upper bound, and the lowest value as the lower bound for 
determining what is an activator versus a repressor. From each genetic screen there were a total 
of 4 vector control wells. These were all averaged and used to determine the range. The results 
provided by the fluorescence intensity output from WormQ for each image, showed that the 
number of activators, repressors, or neither were not representative of the data collected by 
Horowitz et al. (unpublished data) (Table 1). 
Table 1: Resultant data analysis from WormQ output: The data shown are done using the original WormQ program, using two 
thresholding steps.  
 Average all vectors Range of vectors True values 
Activator (1) 117 4 4 
Repressor (-1) 75 0 7 
Neither (0) 0 188 0 
  
In an exploratory effort to see how if WormQ could provide more accurate 
quantifications of masked regions Otsu’s Binarization step was removed from the computational 
system. The resultant data did not match the true values determined by Horowitz et al. 
(unpublished data) during their qualitative screen (Table 2). This data shows that both 
thresholding steps may be essential to properly identifying and quantifying regions of interest. 
There is a discrepancy with the number of activators, repressors, or neither that were identified 
using WormQ, when compared to those identified by Horowitz et al. (unpublished data). This 
lack of robust data can be attributed to the testing of WormQ on a data set that it was not created 
for, and for the lack of sampling for a control. This can be attributed to having too dim of a 
fluorescence signal, or masking false positive regions that have the same fluorescence intensity. 
These issues can be avoided by using one fluorescence signal to create a mask and using another 
to quantify within the masked region.  
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Table 2: Resultant data analysis from WormQ output: The data shown is done using the a modified version of the WormQ 
program, using one thresholding step, Gaussian Adaptive Thresholding.  
 Average all vectors Range of vectors True values 
Activator (1) 110 16 4 
Repressor (-1) 82 38 7 
Neither (0) 0 138 0 
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Discussion 
The project allowed for the creation of pX::GFP and the development and 
implementation of WormQ. pX::GFP is a novel construct that allows for a promoter of interest to 
be inserted and tagged to a GFP reporter, with two promoters that are highly expressed in the 
intestine of C. elegans. WormQ is a computational system that masks brightly fluorescent 
regions within images of C. elegans and can quantify the relative arbitrary fluorescence intensity 
within those masked regions. While pX::GFP and WormQ were created they were not able to be 
combined to be used with one another. 
High-Throughput Screening Construct (pX::GFP) 
Cloning 
pX::GFP, a complex construct that was constructed of 9 fragments, was successfully 
assembled using Golden Gate Cloning. The final step is to clone this construct into a backbone 
vector. While there were many issues in creating pX::GFP, it appeared to be successfully created 
using Golden Gate Cloning. However, pX::GFP was unable to be successfully cloned into a 
backbone vector. This could be due to a host of reasons that are more difficult to diagnose. One 
of the reasons why pX::GFP was unable to be properly cloned into the backbone vector of 
choice, pHSG298, is due to the alternate set of promoters that was used to amplify the 
Promoterome fragment. This caused one end of pX::GFP to not contain the BglII cut site while 
the other end did. In an effort to clone pX::GFP and allowing for the addition of a BglII cut site 
the final construct was inserted into a pCloneJET vector, using blunt end cloning. The 
pCloneJET vector contains a BglII cut site on either ends of the MCS. This would then allow for 
BglII to be used to remove pX::GFP and be inserted into a MosSCI destination vector. 
Unfortunately cloning was unsuccessful. Possible explanations for unsuccessful cloning could be 
due to the suboptimal cloning procedures, or blunt end cloning kit.  
Future Steps 
Future steps to create pX::GFP include creating new primers to amplify all 9 fragments to 
be used in Golden Gate Cloning. The new cloning strategy will result in forming the three 
construct sets, as were done in Gibson Assembly. This will allow for identification of any issues 
that may occur in cloning. This construct when made using Golden Gate Cloning should be 
cloned into a PCR amplified vector backbone using complementary sticky ends. This final 
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construct should be transformed into DB 3.1 E. coli competent cells, using the standard 
transformation protocol. If this cloning technique does not work efficiently it would be best to 
use standard restriction digest cloning to create the construct.  
Once pX::GFP is successfully cloned subsequent steps include insertion into a MosSCI 
targeting vector resulting in pDest_pX::GFP. Then by using a Gateway LR Reaction a Promoter 
of interest can be inserted into the Promoterome site of pX::GFP. This will result in the resultant 
pExn_pX::GFP MosSCI expression clone, which can be injected into the gonad of L4 C. elegans 
using the MosSCI injection kit (Figure 18).  
  
Figure 18: Future Steps with pX::GFP: Once the construct is made it can be 
inserted into a MosSCI Destination Vector, pDest_pX::GFP. This can then be 
used to insert a promoter of interest from an entry clone resulting in 
pExn_pX::GFP. The resultant expression clone can be injected into a C. 
elegans. 
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Computational System 
WormQ 
WormQ successfully parses a folder of images and identifies most regions of interest 
autonomously, and quantifying the fluorescence intensity within those regions. The 
computational system is able to output mean and/or median fluorescence intensity of each well in 
a 96 well plate within 2 minutes. When comparing the data that was produced using the 
computational system and the data collected during a visual screen, the computational system 
tended to over predict the regulators that upregulated the promoter of interest.  
These false positives identified by WormQ are not unexpected and can be easily reduced. 
Such an outcome was expected as the test images that were used to test WormQ only had one 
fluorescence signal present. This caused for masking and quantification to be done using the 
same fluorescence signal, which is not an accurate method for measuring fluorescence intensity. 
Implementing a reporter system, such as pX::GFP, that allows for C. elegans to have two 
fluorescence signals present that can be used to create a mask with one signal and quantify the 
intensity off of the other signal. pX::GFP would allow for the region of interest, the intestine, to 
be properly identified. The computational system as it currently works is not able to identify the 
intestine as there is no way to accurately identify it using thresholding. This is due to the fact that 
the promoter of interest is not always tissue specific and the tagged fluoresce reporter can be 
present throughout the body of the worm. Using a construct like pX::GFP would allow for 
fluorescence signals to be localized to one region, increasing the intensity within that region. In 
the case of pX::GFP the nucleus. With pX::GFP the intestinal nuclei of C. elegans would 
fluoresce brighter than the background due to the fluorescence reporters tagged to Pasp-5 and 
Pdsc-4. This would allow for an accurately identifying the intestine and creating a mask that can 
be used to quantify the activity of the promoter of interest within the intestine.  
All images in this project were tested on WormQ using mCherry. Subsequent 
modifications allow WormQ to create a mask off of one fluorescence signal and quantify within 
the same region on another fluorescence signal, of the same image. This is primarily done by 
using a naming convention that EVOS uses. EVOS ends all files on the mCherry channel with 
“d1.TIF” and all files on the GFP channel with “d0.TIF”. This allows for WormQ to parse 
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through a folder from the EVOS microscope, and successfully split the folder. With two different 
fluorescent filters being used, the functions used do not change.  
This system can be properly implemented with the use of a transgenic C. elegans 
expressing pX::GFP. WormQ will then be able to identify and isolate regions that are brightly 
fluorescing when compared to the background using mCherry. These regions of interest, 
identified by mCherry, will create a mask that can be used to quantify within the region of 
interest in the original GFP image. The images containing the mCherry fluorescence signal are 
converted to a binary image using thresholding, while the image containing the GFP 
fluorescence signal will remain original. The two images will be converted to arrays and 
multiplied to yield the resultant array that are used to generate a range of statistics (Figure 19). 
This version of WormQ has been implemented but not been tested on data yet (Supplemental 
Code 2).  
Figure 19: Screening of C. elegans using a two fluorescence reporter system: WormQ will separate the images based on the 
fluorescent cube used. The mCherry image will be used to create a mask while the GFP image will converted into an array of 
intensity values. The arrays will be multiplied and a mean of the non-zero values will be reported in an Excel sheet.  
Future work 
Once pX::GFP is completed and successfully injected into C. elegans WormQ may need 
some future modifications. One possible modification would be to reduce the number of 
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thresholding steps, which could decrease the false positive values included in the masking 
process. Currently there are two thresholding algorithms present; Otsu’s Binarization and 
Gaussian Thresholding. Using both algorithms in tandem allowed for identification of more 
regions of interest, while just one would decrease the number of regions quantified. However, 
use of both of these algorithms was used on a single fluorescence signal that was not brightly 
fluorescing.  
Other future work on WormQ will entail allowing for the implementation of a statistics 
package using Python or writing an automated script in R that can use data generated by 
WormQ. Other future work would include increasing the computational efficiency of the system, 
and creating a graphical user interface to make the system user-friendly. When pX::GFP is made 
and expressed in C. elegans, WormQ must be modified, to ensure that the resulting data is 
correct. This can be accomplished by validating WormQ with several controlled genetic 
experiments.  
This computational system can also theoretically be used in a myriad of situations not 
limited to C. elegans. This can include any biological system where a bright fluorescent reporter 
has a greater fluorescence intensity than the surrounding area. Biological systems can include 
single cells, plants, and bacteria. By implementing and using this novel system to localize signal 
and conduct high throughput screening on C. elegans can allow for a robust GRN to be created 
not only in the intestine but throughout the worm.   
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Appendix 
Appendix A Optimal Annealing Temperatures: Optimal annealing temperatures for each fragment were chosen from the gradient 
PCR show in Figure 11.  
Fragment Optimal Annealing Temperature 
Promoterome 47.8 
GFP 64.1 
Unc-54 51.4 
Pasp-5 47.8 
mCherry 59.1 
Unc-54 66.1 
Pdsc-4 47.8 
mCherry 66.1 
Unc-54 66.1 
 
 
Appendix B Fragment details: Each of the resulting nine fragments is present with the corresponding DNA source of origin and 
the primer that was used as well as the approximate length after amplification. The specific primer sequences can be found in the 
appendices. 
Fragment Original 
Construct 
Primer Expected 
Length 
(bp) 
Concentration 
(ng/μL) 
Promoterome R4L1 Promoterome_FWD 
Promoterome_GFP_REV 2214 
24 
GFP pCM 1.35 GFP_FWD 
GFP_unc-54_REV 1309 
22.7 
unc-54 UTR pCM 5.37 unc54_GFP_FWD 
unc54_REV 795 
38.7 
Pasp-5 C. elegans 
genomic 
DNA 
Pasp-5_FWD 
Pasp-5_mCherry_REV 
410 
103.1  
mCherry Gc320 mCherry_Pasp-5_FWD 
mCherry_unc-54_REV 899 
10.6 
unc-54 UTR pCM 5.37 unc54_mCherry_FWD 
unc54_REV 795 
16.1 
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Pdsc-4 C. elegans 
genomic 
DNA 
Pdsc-4_FWD 
Pdsc-4_mCherry_REV 
1019 
402.5 
mCherry gc320 mCherry_Pdsc-4_FWD 
mCherry_unc-54_REV 899 
30.8 
unc-54 UTR pCM5.37m  unc54_mCherry_FWD 
unc54_REV 798 
16.1 
 
Appendix C Gibson Assembly Ultra: Each of the resulting nine fragments is present with the corresponding DNA source of origin 
and the primer that was used as well as the approximate length after amplification. The specific primer sequences can be found 
in the appendices. 
Fragment Original 
Construct 
Primer Expected 
Length 
(bp) 
Concentration 
(ng/μL) 
Promoterome R4L1 Promoterome_FWD 
Promoterome_GFP_REV 2214 35.9 
GFP pCM 1.35 GFP_FWD 
GFP_unc-54_REV 1309 82.4 
unc-54 UTR pCM 5.37 unc54_GFP_FWD 
unc54_REV 795 24.8 
Pasp-5 C. elegans 
genomic 
DNA 
Pasp-5_FWD 
Pasp-5_mCherry_REV 
410 24.3 
mCherry Gc320 mCherry_Pasp-5_FWD 
mCherry_unc-54_REV 899 11.2 
unc-54 UTR pCM 5.37 unc54_mCherry_FWD 
unc54_REV 795 21.1 
Pdsc-4 C. elegans 
genomic 
DNA 
Pdsc-4_FWD 
Pdsc-4_mCherry_REV 
1019 17.2 
mCherry gc320 mCherry_Pdsc-4_FWD 
mCherry_unc-54_REV 899 30.8 
unc-54 UTR pCM5.37m  unc54_mCherry_FWD 
unc54_REV 798 22.3 
 
Appendix D Fragment and Primer Name: Each of the resulting nine fragments is present with the corresponding DNA source of 
origin and the primer that was used as well as the approximate length after amplification. The specific primer sequences can be 
found in appendices  
Fragment Original 
Construct 
Primer Expected 
Length 
(bp) 
Concentration 
(ng/μL) 
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Promoterome R4L1 Promoterome_FWD 
SapI:Promoterome_REV 
2208 84.27 
GFP pCM 1.35 SapI:GFP_FWD 
SapI:GFP_REV 
1311 126.3 
unc-54 UTR pCM 5.37 SapI:GFP_unc54_FWD 
SapI:GFP_unc54_REV 
786 48.0 
Pasp-5 C. elegans 
genomic 
DNA 
SapI:Pasp-5_FWD 
SapI:Pasp-5_REV 
357 111.6 
mCherry Gc320 SapI:Pasp-5_mCherry-
_FWD 
SapI:Pasp-
5_mCherry_REV 
901 50.6 
unc-54 UTR pCM 5.37 SapI:Pasp-
5_unc54_FWD 
SapI:Pasp-
5_unc54_REV 
786 41.7 
Pdsc-4 C. elegans 
genomic 
DNA 
SapI:Pdsc-4_FWD 
SapI:Pdsc-4_REV 
1039 95.9 
mCherry gc320 SapI:Pdsc-
4_mCherry_FWD 
SapI:Pdsc-
4_mCherry_REV 
925 31.6 
unc-54 UTR pCM5.37m  SapI:Pdsc-4-
_unc54_FWD 
SapI:Pdsc-
4_unc54_REV 
792 35.7 
 
Appendix E Primer name and the corresponding primer sequence: Each of the primer names and the respective sequence is 
listed below that was used to create what is thought to be pX::GFP.  
Primer Name Sequence 
PromoteromeDest_fwd TCAACTTTGTATAGAAAAGTTGAAC 
SapI_Promoterome_REV GCTCTTCCCGCTCACTGCTTTTTTGTACAAAGT 
SapI_GFP_FWD GCTCTTCGGCGCCATGAGTAAAGGAGAAGAACTT 
SapI_GFP_REV GCTCTTCGGGGTTACTTGCTGGAAGTGTACT 
GFP_SapI_unc54_FWD GCTCTTCCCCCATAAGAGCTCCGCATCGGCCGCTGTCA 
SapI_unc54_REV GCTCTTCGGCCAAACAGTTATGTTTGGTATA 
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SapI_asp5_FWD GCTCTTCCGGCAAACTCTATGCAATGCGATTGTGAGCGT
GAT 
SapI_asp5_REV GCTCTTCGACGATACCTGGAAAAATGGTCGTGA 
SapI_asp5_mCherry_FW
D 
GCTCTTCCTGCATGACTGCTCCAAAGAAGAAGCGTA 
SapI_asp5_mCherry_RE
V 
GCTCTTCGGCTTTACTTGTACAGCTCGTCCA 
SapI_asp5_unc54_FWD GCTCTTCCAGCATAAGAGCTCCGCATCGGCCGCTGTCA 
SapI_asp5_unc54_REV GCTCTTCCCATAAACAGTTATGTTTGGTATA 
SapI_dsc4_FWD GCTCTTCGATGGAAATAAAGTTCAAAAAGACCCCA 
SapI_dsc4_REV GCTCTTCCTACTTAAAATTGGAAAAATACAATTT 
SapI_dsc4_mCherry_FW
D 
GCTCTTCGGTAATGACTGCTCCAAAGAAGAAGCGT 
 
SapI_dsc4_mCherry_RE
V 
GCTCTTCCTCGTTACTTGTACAGCTCGTCCA 
 
SapI_dsc4_unc54_FWD GCTCTTCGCGAATAAGAGCTCCGCATCGGCCGCTGTCA 
 
SapI_dsc4_unc54_REV GCTCTTCCTCCAGATCTAAACAGTTATGTTTGGTATA 
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Supplement Code 
Supplementary Code 1: WormQ Code: The code is shows the original WormQ with comments to create a mask and quantify 
using the same signal. The code was written using Python 3.7. 
import cv2 as cv 
from PIL import Image 
import numpy as np 
import os 
import os.path 
from sys import * 
import glob 
import time 
 
start = time.time() 
 
dmean = [] 
dmedian = [] 
imgname = [] 
directory = input("Enter the folder path of the folder you would like to analyze : ") 
filename = input("Enter the name of the output .xls file: ") 
os.chdir(directory) 
for file in list(glob.glob('*_Plate_TD_*00d1.TIF')): 
    print(file) 
    imgname.append(file) 
    imgint = cv.imread(file, 0)  # <-- Things done for each file 
    # for filename in os.listdir(directory): 
    #     if filename.endswith(".TIF"): 
 
    original = cv.medianBlur(imgint, 7)  # remove some noise 
    gthresh = cv.adaptiveThreshold(original, 255, cv.ADAPTIVE_THRESH_GAUSSIAN_C, 
cv.THRESH_BINARY, 17, 0)  # threshold orignal using adaptive Gaussian thresholding 
 
    ##Function 2: removing backgorund noise## 
    kernel = np.ones((5, 5), np.uint8)  # create an array to parse through array 
    # erosion = cv.erode(gthresh, kernel, iterations=0)  # erode 
    # dilation = cv.dilate(gthresh, kernel, iterations=0)  # dilate 
    opening = cv.morphologyEx(gthresh, cv.MORPH_OPEN, kernel) 
    cv.imwrite('gthresh.TIF', opening)  # file containing final binary image using 
guassian thresholding 
 
    ##Function 3: re-threshold with Otsu's algorithm## 
    dst, thresh = cv.threshold(original, 0, 255, 
                               cv.THRESH_BINARY + cv.THRESH_OTSU)  # thresholding 
original input image using otsu's algorithim 
    cv.imwrite('othresh.TIF', thresh)  # save otsu's thresholding array as an image 
 
    ##Function 4: Overlay both thresholded images## 
    background = Image.open('othresh.TIF')  # open Otsu's thresholded image 
    overlay = Image.open('gthresh.TIF')  # open Gaussian thresholded image 
    overlay = Image.blend(overlay, background, 0.3)  # overlay with optimized alpha 
value (0.3) 
    overlay.save('overlaidthresh.TIF')  # save new image 
 
    ##Function 5: Threshold overlaid image using gaussian## 
    final = cv.imread('overlaidthresh.TIF', 0)  # open and read overlaid thresholded 
image from above as numpy array 
    blurred = cv.medianBlur(final, 7) 
    finalT = cv.adaptiveThreshold(blurred, 255, cv.ADAPTIVE_THRESH_GAUSSIAN_C, 
cv.THRESH_BINARY, 17, 
                                  0)  # final thresholding on overlaid image 
    cv.imwrite('finalT.TIF', finalT)  # save thresholded array as an image 
49 | S H A H  
 
 
    ##Function 6: Calculate product of both matricies 
    binary_threshold = finalT > 0  # convert any item in the resulting matrix that is 
greater than 0 to 1 
    finalT[binary_threshold] = 1  # Any black spot will remain as 0 and any white spot 
will turn into 1 
    # print(finalT) #debugging 
    product = np.multiply(imgint, finalT)  # multiply both matricies using Hadamard 
product 
    # # print (product) #debugging 
 
    # To be uncommented if Otsu's Thresholding is not wanted ## 
    # binary_threshold = opening>0 
    # opening[binary_threshold] = 1 
    # product = np.multiply (imgint, opening) 
    # print(product) #debugging 
    ############################################################ 
 
    mean = np.mean(product[np.nonzero(product)])  # Calculate the mean of all non-zero 
numbers present within the resultant matrix 
    print(mean)  # debugging 
    # median = np.median(product[np.nonzero(product)]) ##If you want the median 
uncomment 
    # dmedian.append(median)    ##If you want the median uncomment 
    # print(median) #debugging 
    dmean.append(mean) 
    # print (name) #debugging 
 
###Exports to an xls file### 
import pandas as pd 
import xlsxwriter 
 
# Generate dataframe from list and write to xlsx. 
df = pd.DataFrame({'Name': imgname, 'Mean': dmean}) 
df.to_excel(filename + '.xlsx') 
##Time Stamp## 
end = time.time() 
print(end - start) 
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Supplementary Code 2: WormQ Code Modified: The code is shows the code for the modified version of WormQ with comments 
to create a mask and quantify using two different fluorescent signals. The code was written using Python 3.7. 
import cv2 as cv 
from PIL import Image 
import numpy as np 
import os.path 
import glob 
import time 
start = time. time() 
 
dmean = [] 
dmedian =[] 
imgname = [] 
directory = input("Enter the folder path of the folder you would like to analyze : ") 
filename = input("Enter the name of the output .xls file: ") 
os.chdir(directory) 
print(type(os.chdir(directory))) 
for file in list(glob.glob('*_Plate_TD_*00d1.TIF')): 
    print(file) 
    imgint = cv.imread(file, 0)  # <-- Things done for each file 
    # for filename in os.listdir(directory): 
    #     if filename.endswith(".TIF"): 
 
    original = cv.medianBlur(imgint, 7)  # remove some noise 
    gthresh = cv.adaptiveThreshold(original, 255, cv.ADAPTIVE_THRESH_GAUSSIAN_C, 
cv.THRESH_BINARY, 17, 
                                   0)  # threshold orignal using adaptive Gaussian 
thresholding 
 
    ##Function 2: removing backgorund noise## 
    kernel = np.ones((5, 5), np.uint8)  # create an array to parse through array 
    # erosion = cv.erode(gthresh, kernel, iterations=0)  # erode 
    # dilation = cv.dilate(gthresh, kernel, iterations=0)  # dilate 
    opening = cv.morphologyEx(gthresh, cv.MORPH_OPEN, kernel) 
    cv.imwrite('Gaussianthresh.TIF', opening)  # file containing final binary image 
using guassian thresholding 
 
    ##Function 3: re-threshold with Otsu's algorithm## 
    dst, thresh = cv.threshold(original, 0, 255, 
                               cv.THRESH_BINARY + cv.THRESH_OTSU)  # thresholding 
original input image using otsu's algorithim 
    cv.imwrite('otsuthresh.TIF', thresh)  # save otsu's thresholding array as an image 
 
    ##Function 4: Overlay both thresholded images## 
    background = Image.open('otsuthresh.TIF')  # open Otsu's thresholded image 
    overlay = Image.open('gthresh.TIF')  # open Gaussian thresholded image 
    overlay = Image.blend(overlay, background, 0.3)  # overlay with optimized alpha 
value (0.3) 
    overlay.save('overlaidthresh.TIF')  # save new image 
 
    ##Function 5: Threshold overlaid image using gaussian## 
    final = cv.imread('overlaidthresh.TIF', 0)  # open and read overlaid thresholded 
image from above as numpy array 
    blurred = cv.medianBlur(final, 7) 
    finalT = cv.adaptiveThreshold(blurred, 255, cv.ADAPTIVE_THRESH_GAUSSIAN_C, 
cv.THRESH_BINARY, 17, 
                                  0)  # final thresholding on overlaid image 
    cv.imwrite('finalT.TIF', finalT)  # save thresholded array as an image 
 
    ##Function 6: Calculate product of both matricies 
    binary_threshold = finalT > 0  # convert any item in the resulting matrix that is 
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greater than 0 to 1 
    finalT[binary_threshold] = 1  # Any black spot will remain as 0 and any white spot 
will turn into 1 
    # print(finalT) #debugging 
    ## To be uncommented if Otsu's Thresholding is not wanted ## 
    # binary_threshold = opening>0 
    # opening[binary_threshold] = 1 
    ############################################################ 
 
    for file in list(glob.glob('*_Plate_TD_*00d0.TIF')): 
        print (file) 
        gfpimg = cv.imread(file, 0) 
        product = np.multiply(gfpimg, finalT)  # multiply both matricies using 
Hadamard product 
        # print(product) 
        ## To be uncommented if Otsu's Thresholding is not wanted ## 
        # product = np.multiply (imgint, opening) 
        # print(product) #debugging 
        ########################################################## 
 
        mean = np.mean(product[np.nonzero(product)])  # Calculate the mean of all non-
zero numbers present within the resultant matrix 
        print(mean) 
        median = np.median(product[np.nonzero(product)]) 
        # print(median) 
        dmean.append(mean) 
        #print (mean) 
 
 
###Exports to an xls file### 
import pandas as pd 
import xlsxwriter 
 
# Generate dataframe from list and write to xlsx. 
df = pd.DataFrame({ 'Name': imgname, 'Mean': dmean}) 
df.to_excel( filename + '.xlsx') 
##Time Stamp## 
end = time. time() 
print(end - start) 
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